1. The metabolism of glucose and glutamine was studied in the small intestine and the colon of rats after 4-5 weeks of hypothyroidism.
INTRODUCTION
Thyroid hormones are known to affect a wide range of physiological and metabolic activities in the body. These include modulation of basal metabolic rate, maintenance of body temperature and adaptations to a cold environment, muscle activity, heart rate, energy metabolism and protein turnover (for reviews, see . Moreover, an important role of thyroid hormones in the physiology of gastrointestinal function has long been indicated by clinical findings of diarrhoea and steatorrhoea in hyperthyroidism and of constipation in hypothyroidism (for an overview, see [ l , 41) . Furthermore, it is well established that alterations in serum thyroid indices frequently occur in a variety of stressful events, such as elective or acute surgery [5-71, thermal injury [8] , severe illness (e.g. [9] ) or haemorrhagic shock [ 101 in subjects who were previously euthyroid. These changes in thyroid indices are usually referred to as the 'low T,-state' [ l 11.
In several catabolic states (e.g. injury, surgery, sepsis and burn injury) glutamine and alanine account for more than half of the amino acids released by skeletal muscle and hence are the principal nitrogen carriers from the periphery to the intestine, the kidneys and the cells of the immune system (for reviews, see [ 12, 131) .
Glutamine is the principal fuel used by the intestinal and colonic mucosa [14, [20] and sepsis [21] . However, the effects of hypothyroidism on the metabolism of glutamine (and glucose) by the gut are unknown.
The present work was designed to investigate the rates of utilization of glucose and glutamine by the gut of hypothyroid rats. Rates of utilization have been obtained from arteriovenous concentration differences across the small intestine (together with blood flow data). In addition, the rates of glucose and glutamine utilization by isolated incubated enterocytes and colonocytes have been investigated. Finally, the maximum activities of key enzymes in the pathways of glucose and glutamine utilization in intestinal and colonic mucosa have also been measured.
MATERIALS AND METHODS

Animals
Male Wistar albino rats (145-165 g) were supplied by King Fahd Medical Research Center, College of Medicine and Allied Sciences, King Abdulaziz University, Jeddah, Saudi Arabia. The animals were maintained on a standard diet [commercial rat cubes containing (w/w) approximately 18% protein, 3% fat, 77% carbohydrate and 2% organic salt mixture with a vitamin supplement; Grain Silos and Flour Mills Organization, Jeddah, Saudi Arabia] and water ad libitum, and were kept in a controlled environment (constant temperature 24"C, and a light cycle of 12 h 0 4 1 2 h off). Animals were divided into two groups: a hypothyroid group (tz = 123) and a pair-fed control group (tz = 123). Experimental hypothyroidism was induced by administration of 6-n-propyl-2-thiouracil for 4-5 weeks. The drug was dissolved in warm ethanol and was added to the drinking water at a final concentration of 0.5 mg/ml. Ethanol was also added to the drinking water of the pair-fed control rats at the same final concentration ( 1.2%). 6-n-Propyl-2-thiouracil is an anti-thyroid drug; it produces its actions by blocking hormone synthesis at the steps of iodine organification and iodotyrosine coupling and it also inhibits the extra-thyroidal conversion of thyroxine to tri-iodothyronine [l, 21. All rats were housed individually. Body weights and food intakes were recorded daily. Animals were fasted for 12-14 h before they were killed by cervical dislocation.
Chemicals and enzymes
All chemicals and enzymes were obtained from Boehringer Mannheim GmbH (Mannheim, Germany) or from Sigma Chemical Co., Poole, Dorset, U.K. All inorganic reagents were obtained from Fisons, Loughborough, Leks., U.K.
Measurement of arteriovenous concentration difference and blood flow
Rats were anaesthetized with ether, and blood was withdrawn simultaneously into heparinized syringes from the hepatic portal vein and the abdominal aorta. Samples (1.0-1.5 ml) were quickly added to 0.1 ml of ice-cold HC104 (lo%, v/v) and were used for the determination of concentrations of metabolites after deproteinization and neutralization (see [15] ).
Intestinal blood flow was measured by the indicatordilution technique described by Katz & Bergman [22] . pAminohippurate (PAH), a non-metabolizable dye, was used to measure intestinal blood flow by the dye-dilution technique. PAH was administered [30 pg min-' (100 g body weight)-'] via a tertiary branch of the mesenteric vein. After 30 min of equilibration, three consecutive 10 min collection periods were observed, and arterial (abdominal aorta) and venous (portal vein) blood was collected for measurement of the concentration of PAH. Intestinal blood flow was calculated according to the equation:
The concentration of PAH was measured in a Somogi filtrate [ 10% (v/v) barium hydroxide and zinc sulphate], which was treated with p-dimethylaminobenzaldehyde alcohol solution as described previously [23] . Net rates of utilization or production of substrates or metabolites were calculated by multiplying intestinal blood flow by the respective substrate or metabolite arteriovenous concentration difference.
Preparation and incubation of enterocytcs and colonocytes
Enterocytes were prepared as described by Ardawi et 01. [19] , and colonocytes were prepared as described by Ardawi & Newsholme [15] . Incubations of either isolated enterocytes or colonocytes were performed as described previously [24] .
Preparation of homogenates and assay of enzyme activities
Animals were killed by cervical dislocation. The small intestine (from the duodenum to the caecum) or the colon (from the caecum to the rectal ampulla) was rapidly removed, washed by forcing ice-cold 0.9% (w/v) NaCl through the lumen, and then cut longitudinally. Intestinal or colonic mucosa were separated from the underlying muscle by scraping with a microscope slide, weighed and homogenized in 5-10 vol. of appropriate extraction medium by using a Polytron homogenizer (PCU-2 at position 4) for 10-20 s at 0°C. The whole homogenate was used for enzyme assays without further treatment except for the following: for the assay of citrate synthase (EC 4.1.3.28), oxoglutarate dehydrogenase (EC 1.2.4.2.) and phosphate-dependent glutaminase (EC 3.5.1.2; hereafter referred to as glutaminase), the homogenate was treated immediately before assay with 0.05% (v/v) Triton X-100. The extraction media for all enzymes studied and the assay of enzyme activities were as previously described [25] . The final volume of assay mixtures in all cases was 1.0 ml. All spectrophotometric measurements were performed in a Gilford recording spectrophotometer (model 260) at 25"C, except for glutaminase activity, which was determined at 37°C. For all enzymes studied, preliminary experiments established that extraction and assay procedures were such as to provide maximum enzyme activities [26] .
Determination of concentrations of metabolites and plasma hormones
Concentrations of metabolites in neutralized extracts of cells plus medium and plasma were determined spectrophotometrically (with a Beckman DU-6 recording spectrophotometer) by standard enzymic methods, as described previously [ 151. Urea, cholesterol and triacylglycerol were determined in plasma by using commercially available kits (bio-Merieux Laboratory Reagents and Products, Charbonnieres-les-Bains, France) with a Beckman Clinical Chemistry Analyzer (model 700). All plasma hormone concentrations were measured by r i a . techniques (Diagnostic Products Corp., Los Angeles, CA, U.S.A.). Radioactivity was determined in a Beckman Gamma-Counter (model 5500).
Histological examination
Animals were killed by cervical dislocation. The small intestine (from the pylorus to the ileocaecal junction) and colon (from the caecum to the rectal ampulla) were removed, measured by using a standard 10 g and 1 g weight for traction, respectively. Isolated tissues were flushed with cold saline (1 50 mmol/l NaCI). A small midsegment of the jejunum (5 cm) was removed from the isolated intestine and was used for histological examination. For histological evaluation, tissues were fiied in 10% (v/v) formalin, embedded in paraffin, and stained with haematoxylin-eosin. Villus and crypt heights were determined on tissue cross-sections by using an ocular micrometer. Measurements were carried out by an investigator who was blind to the treatment that the animals had received. Protein and DNA contents in intestinal mucosa were measured by the methods of Lowry et al. [27] and Burton [28] , respectively.
Expression of results
Blood flow values were expressed as ml min-' (100 g body weight)-I , and substrate or metabolite exchange rates by the gut were expressed as nmol min-' (100 g body weight)-'. Changes in concentrations of substrates or metabolites during the incubation were determined from the net change between zero time and 30 or 20 min of incubation for colonocytes [15] or enterocytes [19] , respectively; such changes were linear with time over the time intervals used. Rates of substrate utilization or metabolite production were expressed as pmol min-' (g dry weight)-' of cells. All maximal enzyme activities were expressed as pmol min-' (g wet weight of tissue)-' or as nmol min-' (mg of protein)-'. The results were expressed as means f SD, and comparisons between sets of data were made by using Student's t-test.
RESULTS
The body weight gain of the hypothyroid rats was markedly less than that of their pair-fed controls (Table 1) Treatment of rats with 6-n-propyl-2-thiouracil for 4-5 weeks resulted in changes in thyroid hormone function which were consistent with a state of hypothyroidism ( Table 2 ). The plasma concentrations of total tri-iodothyronine (TT,), free tri-iodothyronine (FT,), total thyroxine (TT,) and free thyroxine (FT,) were decreased, whereas that of thyrotropin was increased, in hypothyroid rats ( Table 2 ). The plasma concentrations of insulin were decreased in hypothyroid rats.
Intestinal morphology
Total mucosal weight was strikingly decreased (P<0.001) in hypothyroid rats as compared with corresponding pair-fed animals ( Table 3 ). Hypothyroidism decreased both the DNA content (by 30.5%) and the protein content (by 23.6%) of intestinal mucosa (Table 3 ). In contrast, the protein/DNA ratios were not different in the two groups of animals. On histological examination (see Fig. 1 ) the villi in the jejunum were significantly shorter ( P < 0.05) in hypothyroid rats. Jejunal crypt depth was decreased by about 26.5% in response to hypothyroidism (Table 3) .
Arteriovenous concentration differences and net rates of utilization for glucose and glutamine
Arteriovenous concentration differences across the gut showed a net uptake of glucose, lactate and glutamine (Table 4) , with a net release of glutamate, alanine and ammonia (the major nitrogenous end-products of glutamine) (Table 4 ). Portal-drained visceral blood flow showed no marked change in response to hypothyroidism ( Table 4) . Calculation of the rates of utilization or metabolite production from substrate arteriovenous concentration differences and blood flow showed decreased rates of utilization of glucose, lactate and glutamine in hypothyroid rats (Table 4 ). This was accompanied by diminished rates of release of glutamate, alanine and ammonia (Table 4) .
Glucose and glutamine metabolism by isolated enterocytes and colonocytes
The rate of glucose utilization by incubated enterocytes was decreased in cells isolated from hypothyroid rats ( Table 5 ) . More than 60% of consumed glucose was recovered as lactate by incubated enterocytes, confirming previous findings [18, 19, 291 . The rate of glutamine utilization by incubated enterocytes was decreased (28.3%) in cells isolated from hypothyroid rats compared with corresponding pair-fed control rats (Table 5 ) . Glutamate, alanine and ammonia were the major nitrogenous products (Table 5) . However, other amino acids (e.g. citrulline, proline, serine and aspartate) are known to be formed from glutamine metabolized by intestinal mucosa, but these were not measured in the present work. The rates of utilization of glucose and glutamine by incubated colonocytes were decreased in cells isolated Fig. 1 . Histology of a jejunal segment from a hypothyroid rat ( a ) and a pair-fed control rat (b). Hypothyroid rats demonstrated increased width of the intestinal villi, whereas pair-fed control rats exhibited normal cellularity (haematoxylin-eosin stain, original magnification X 110). from hypothyroid rats ( Table 5 ). The rates of lactate formation (in the presence of glucose) and of glutamate, alanine and ammonia formation (in the presence of glutamine) were also decreased in colonocytes isolated from hypothyroid rats (Table 5) .
Maximum activities of the enzymes of glycolysis, the tricarboxylic acid cycle, glutamine utilization and ketonebody utilization in the intestinal and colonic mucosa
The maximal activities of hexokinase (EC 2.7.1.1), 6-phosphofructokinase (EC 2.7.1.1 l ) , pyruvate kinase (EC 2.7.1.40), citrate synthase, oxoglutarate dehydrogenase, glutaminase and the ketone-body-utilizing enzymes in intestinal and colonic mucosa of hypothyroid and pair-fed control rats are presented in Table 6 . The activities of the glycolytic enzymes measured were markedly decreased in both intestinal and colonic mucosa from hypothyroid rats (Table 6 ). These results are consistent with the diminished ability of the intestinal and colonic cells to utilize glucose (see Tables 4 and 5 ).
The maximal activities of citrate synthase (30.1-32.6%) and oxoglutarate dehydrogenase (6.3-13.7%) were decreased in intestinal but not in colonic mucosa isolated from hypothyroid rats (Table 6) ; this suggests a decrease in the maximal intestinal capacity for the tricarboxylic acid cycle in this condition.
The activities of glutaminase were .decreased in intestinal (by 35.7-40.1%) and colonic (by 36.0-37.1%) mucosa of hypothyroid rats (Table 6 ). This is consistent with diminished rates of glutamine utilization by isolated enterocytes and colonocytes of hypothyroid rats (see Table 5 ).
DISCUSSION
Gastrointestinal manifestations of hypothyroidism are not uncommon. Deficiency of thyroid hormones prolongs gastric emptying, decreases gastrointestinal motility and causes atrophy of gastrointestinal mucosa (for reviews, see [l, 41) . Moreover, although the rates of absorption of many substances are decreased in hypothyroidism, the total amount that is eventually absorbed may be normal or even increased; the latter is due to the decreased motility of the bowel (for a review, see [4] ). The results of the present work provide new information on the effects of hypothyroidism on the metabolism of glucose and glutamine by the gut.
On the basis of the present work, three lines of evidence support the view that hypothyroidism leads to decreased rates of utilization of glucose and glutamine by the gut: blood flow plus net rates of utilization or production across the gut of the rat (Table 4) , rates of utilization of glucose and glutamine by isolated, incubated enterocytes and colonocytes (Table 5) , and changes in vitro in the maximum catalytic activity of key enzymes (hexokinase and glutaminase) (Table 6 ). Therefore, the decrease in glycolytic and glutaminolytic fluxes suggests a decreased demand for energy by the cells of the small intestine and the colon in hypothyroid animals. The latter Gut blood flow measurements and net rates of utilization or production of glucose, lactate, glutamine, Moreover, it is possible that the decreased rates of utilization of glucose and glutamine by the gut of hypothyroid rats could be caused by increased rates of fatty acid oxidation by intestinal and colonic cells in semistarved hypothyroid rats. Hence, if there is increased fat oxidation by the intestinal and colonic cells of hypothyroid rats to compensate for the ATP deficit caused by lower rates of utilization of glutamine and glucose, it would have to be stimulated by specific factor(s) within intestinal and colonic cells. No such mechanism(s) for increasing fatty acid oxidation in intestinal and colonic mucosa is known.
The maximum catalytic activities of hexokinase and glutaminase were decreased in the intestinal and colonic mucosa of hypothyroid rats (Table 6 ). Since these are likely to be the key enzymes influencing the rates of glucose and glutamine utilization, respectively, these findings predict lower rates of glucose and glutamine utilization by enterocytes and colonocytes obtained from hypothyroid rats. This has indeed been shown to be the case (see Table 5 ). Moreover, hypothyroidism decreased the maximum activities of both intestinal citrate synthase and oxoglutarate dehydrogenase, suggesting a decreased intestinal capacity for the tricarboxylic acid cycle under these conditions. The latter is consistent with the findings of Bronk & Parsons [30] that thyroidectomy decreases the maximum oxidative capacity of rat small intestine. It is, however, unclear whether gastrointestinal cells of hypothyroid rats have a lower energy requirement than those of euthyroid rats or whether they use another fuel (e.g. ketone bodies) to maintain their rate of production of ATP.
In the present work, hypothyroidism resulted in hypercholesterolaemia and hypertriacylglycerolaemia; this confirms previous work both in man [32, 331 and experimental animals [34] . It has been suggested that hypothyroid-associated hypercholesterolaemia could be related to decreases in biliary lipid concentrations, particularly bile acids [35] , to increases in the percentage absorption of intestinal cholesterol [36] or to changss in lipoprotein catabolism [37] . Moreover, the decreased concentration of free fatty acids that accompanied hypothyroidism could be due to changes in adipose tissue regulation of the output of the free fatty acids and/or increased oxidation to ketone bodies [38] (see also Table 1 ).
Regarding the mechanism(s) responsible for the decreased rates of utilization of both glucose and glutamine by the gut of hypothyroid rats, several possibilities can be considered. First, changes in protein turnover of both enterocytes and colonocytes. The permissive effect of thyroid hormones on the synthesis of protein is well egablished (for a review, see [39] ). Thus, because the intestinal mucosal cell size, as indicated by the protein/ DNA ratio, was not different in the hypothyroid and corresponding pair-fed control rats, the diminished mucosal mass in hypothyroid rats is most probably due to a reduction in intestinal mucosal cell numbers. The latter changes could explain the diminished rates of utilization of both glucose and glutamine by enterocytes and colonocytes. A second possibility is related to decreases in the amount of key enzymes or the concentrations of some key enzyme activators. Therefore, the decrease in the rates of utilization of glucose and glutamine by the gut could be explained by a decrease in enzyme synthesis when the blood concentrations of thyroid hormones were experimentally decreased. Similar explanations have been suggested for changes in hepatic, cardiac and muscular carbohydrate metabolism in response to the hypothyroid state [40-421. Hypothyroid rats, as described herein, exhibited a mild decrease in plasma insulin concentrations (see Table 2 ). This is probably because the rats were sampled after an overnight fast and it is possible that the plasma insulin concentration in the fed state is increased. However, it is well-established that streptozotocin-induced diabetes decreases glutamine metabolism in the gut [ 18, 241. Therefore, it is possible that mild decreases in the plasma insulin concentration in hypothyroid rats may directly or indirectly contribute to the changes in the metabolism of glutamine by the gut in the hypothyroid state.
Hypothyroidism is known to cause impairment of immune function( s), and hypothyroid animals are more susceptible to infection (for a review, see [43] ). Recent work has suggested that glutamine plays a cytoprotective role in the small intestine [44] and the inability of the mucosal cells to extract adequate amounts of glutamine Table 5 . Effects of hypothyroidism on glucose and glutamine metabolism by isolated enterocytes and colonocytes of the rat Enterocytes and colonocytes isolated from hypothyroid and pair-fed control rats were incubated as described in the Materials and methods section. Enterocytes 
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